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Abstract—We recently found that spontaneous eye move-
ments occur during motor imagery of hand movements,
which are similar to those made during physical execution. In
physical execution, eye movements have been shown to play
an important role during training. In motor imagery practice,
however, their effect remains unclear. Therefore, in the pres-
ent study, we examined the role of eye movements during
motor imagery practice with specific interest in the impact of
task complexity and effector specificity. Thirty-six young
healthy participants were tested before and after 4 days of
visual motor imagery training on a Virtual Radial Fitts’ task
with different indices of difficulty. Training was performed
with the nondominant hand only. Subjects were divided into
a group that trained while spontaneous eye movements were
allowed, one that kept the eyes fixed during training, and a
control group. Electro-oculography and electromyography
signals were monitored to guarantee task compliance during
imagery. The results indicated that eye movements during
imagery did not affect the temporal parameters of the trained
movement. They did, however, help to achieve maximal gains
in movement accuracy and efficiency. These positive effects
on the spatial parameters were most pronounced during con-
ditions with high accuracy demands and were present for
both the trained and the untrained hand. These findings con-
tribute to guidelines for optimizing training protocols based
on motor imagery. © 2011 IBRO. Published by Elsevier Ltd.
All rights reserved.
Key words: eye movements, motor imagery, functional equiv-
alence, transfer, mental practice.
In most activities of daily living, our eyes and hands move
in a coordinated way to achieve a particular goal. This
close coupling between eye and hand has been studied
extensively for a wide range of tasks (Binsted et al., 2001;
Helsen et al., 2000). Several studies showed that the
availability of visual information during aiming movements
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37contributes to endpoint accuracy and consistency (Carlton,
1992). Others reported that information from eye move-
ments helps to predict the appropriate velocity and direc-
tion of a subsequent hand tracking movement (Miall and
Reckess, 2002). It was even found that the presence of
eye movements during physical execution positively af-
fects future performance. In a training study by Helsen et
al. (2004), for example, it was reported that to achieve
optimal training effects, one should practice under the
same oculomotor conditions that will be required for the
final performance.
Although much is known about the coordination and
function of eye and hand movements during physical ac-
tions, it remains largely unknown whether and how both
effectors cooperate during imagined actions. Motor imag-
ery (MI) has gained much attention over recent decades
since it was shown to be (partly) represented in the same
basic motor neural circuit as action execution (Gerardin et
al., 2000). Thus, it provides an alternative source of infor-
mation that may be used for motor training. MI has a wide
range of applications, including the training of athletes,
musicians, and professionals (Murphy, 1994; Pascual-Le-
one et al., 1995; Rogers, 2006). In addition, recent studies
also showed promising results on its use as a rehabilitation
tool for neurological patients (Heremans et al., 2011a;
Sharma et al., 2006; Braun et al., 2006; Zimmermann-
Schlatter et al., 2008; Malouin and Richards, 2010). In a
revious study (Heremans et al., 2008), we investigated for
he first time whether the spatial and temporal coupling
etween eye and hand that occurs during physical execu-
ion of goal-directed movements also exists during MI. It
as found that the number and amplitude of the partici-
ants’ eye movements during MI of a goal-directed upper
imb movement closely resembled those of eye move-
ents made during physical execution of the same task,
ndicating that eye–hand coupling indeed remained intact
uring MI. However, this study did not provide any infor-
ation on the usefulness of these eye movements during
I. Therefore, the main aim of the present study was to
nvestigate whether eye movements actually play a func-
ional role during the imagery process, or whether they are
erely an epiphenomenon of MI. To test this hypothesis,
e compared MI training during which spontaneous eye
ovements were allowed with MI training during which eye
ovements were prohibited. If eye movements would play
functional role in MI training, we expected the training
ffects to be smaller when the subjects were requested to
eep their eyes on a fixed position during MI training.
During physical execution of goal-directed movements,
t was found that the role of vision differed depending on
ts reserved.
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Heremans et al. / Neuroscience 195 (2011) 37–4438task difficulty (Lazzari et al., 2009). Lazzari et al. (2009)
showed that for rhythmical pointing movements with a very
low index of difficulty (ID) allowing very high movement
speeds, the eyes were no longer able to precede the hand
in its back-and-forth movements. As a result, the benefits
of visual control were reduced for these movements. To
find out whether this also occurs during MI, we investigated
our task under different indices of difficulty. We hypothe-
sized that eye movements would mainly be functional in
the imagery conditions with a high ID, requiring visual
feedback to meet the accuracy demands of the task.
In addition, the present study aimed to examine the
role of eye movements during MI within the dual-layer
model for movement representation proposed by Vanghe-
luwe et al. (2005). This model implies that learning a
coordination task results in laying down a memory repre-
sentation, which is composed of both an effector-indepen-
dent and an effector-specific component. The effector-
independent component refers to the abstract motor goal,
such as the visuospatial coordinates of the target. The
effector-specific component, on the other hand, constitutes
the shaping of muscle synergies acquired through prac-
tice. Thus, the effector-independent movement repre-
sentation is held responsible for transferring the ac-
quired task to different effectors, such as the contralat-
eral hand. Transfer toward the contralateral hand is also
known as “intermanual transfer.” Intermanual transfer
implies that we can learn a particular skill more easily with
one hand after we have already learned the skill with the
contralateral hand. This has been shown to occur after
both practice based on physical execution and on motor
imagery (Andree and Maitra, 2002; Amemiya et al., 2010).
In the present study, we investigated whether the making
of eye movements during MI would contribute to the effec-
tor-specific or effector-independent part of the learning
process. Therefore, we compared the effect of eye move-
ments during MI training on both the trained and the un-
trained hand.
EXPERIMENTAL PROCEDURES
Participants
Thirty-six young and healthy subjects (22 female, 14 male;
M22.32.8 years) voluntarily participated in the study. All sub-
jects were classified as strongly right-handed as measured by the
Oldfield Questionnaire, where a score of 100 represents extreme
right-handedness (M89.312.8) (Oldfield, 1971). They had no
neurological disorders or musculoskeletal problems at the upper
limb. All subjects had normal or corrected-to-normal vision and
were naïve to the hypotheses being tested. They were randomly
assigned to one of the three experimental groups. Informed con-
sent was obtained before participation. The study was conducted
in accordance with the ethical standards laid down in the 1964
Declaration of Helsinki and was approved by the Committee for
Medical Ethics of the Katholieke Universiteit of Leuven.
Task
All subjects performed a Virtual Radial Fitts’ Task (VRFT). This
drawing task was previously used to investigate MI by Caeyen-
berghs et al. (2009). Subjects were seated in front of a table on
which a digitizing tablet was placed. Their head movements wererestricted by means of a head support to ensure that point of gaze
was purely reflected by the observed eye movements. A paper on
the digitizer showed five gray target quadrangles at a distance of
150 mm from a central red circle. Start and stop buttons were
presented on the left and the right side of the middle circle (Fig. 1).
o vary the level of task difficulty, three different sheets were
sed, showing quadrangles of 2.5, 10, or 40 mm diameter (re-
erred to as small, medium, and large targets), corresponding to
n ID of 6.9, 4.9, and 2.9, respectively. The diameter of the central
ircle was varied according to the ID, whereas the amplitude
etween the midpoint of the circle and the targets was kept
onstant.
An electronic pen was held with a pencil grip, and participants
ere requested to draw (physical execution condition) or to image
rawing (imagery condition) the VRFT. During the executed con-
itions, participants were asked to first hit the start button with the
ip of the electronic pen. When the pen left the start button, data
ecording started. The subject now had to transfer the pen through
he air to the red middle circle and then start drawing with the pen
n the tablet, back and forth between the red middle circle and
ach of the quadrangles. These quadrangles had to be hit in fixed
rder from left to right. When the five quadrangles were hit and the
en was back in the center of the red middle circle, the pen was
oved through the air to the stop button, and data collection was
topped. Subjects were instructed to move as accurately and as
uickly as possible. During the imagery condition, only the move-
ents between the start and the stop button and the middle circle
ere physically executed, so as to allow registration of their im-
gery duration. For the movements between the middle circle and
he targets, subjects were instructed to use visual MI from a first
erson perspective; in other words, to imagine seeing their own
and making the movements.
Apparatus
Hand kinematics. In line with previous work (Caeyenberghs
et al., 2009; Smits-Engelsman et al., 2002), participants’ drawing
movements were measured by means of a digitizing tablet (Intuos
GD-1218-R, Kiko Software, Doetinchem, The Netherlands) and
an electronic pen of normal appearance and weight. The pen had
a white plastic tip leaving no trace. After calibration of the pen
and the position of the sheet, pen movements were recorded at a
rate of 206 Hz and with a spatial accuracy of 0.1 mm. Data were
recorded and analyzed by means of Oasis software (De Jong et
al., 1996).
Muscle activity. Surface electromyography (EMG) activity
Fig. 1. Schematic representation of the Virtual Radial Fitts’ task
(VRFT) with target diameters of 10 mm and target quadrangles at a
distance of 150 mm from the central red circle.was measured at the upper arm to control for the absence of
Heremans et al. / Neuroscience 195 (2011) 37–44 39muscle activity during MI. It was recorded at a sampling frequency
of 1024 Hz using a Porti 7 device (Twente Medical Systems
International, Enschede, The Netherlands). After careful skin
preparation, 24 mm diameter Ag–AgCl disposable disc surface
electrodes (Kendall/Arbo, Tyco Healthcare, Neustadt/Donau, Ger-
many) were placed 2 cm apart over the middle portion of the
bellies of the biceps and triceps brachii muscles brachii of both
arms, aligned with the longitudinal axis of the muscles. A refer-
ence electrode was adhered to the contralateral pelvis. If any
movement-related muscular activity was detected during imagery,
the trial was discarded and participants were instructed to relax
their arm.
Eye movements. To control whether the subjects kept their
eyes fixated when requested, the electro-oculographic (EOG) sig-
nals of their horizontal and vertical eye movements were recorded
using the previously mentioned Porti 7 device and monitored
online. The procedure was similar as used previously by Here-
mans et al. (2008, 2009). Following standard skin preparation
techniques, Ag–AgCl surface electrodes with a diameter of 5 mm
were placed at the inner and outer canthus of the right eye and in
the inferior and superior areas of the right orbit. The reference
electrode was the same as described for EMG recording.
Experimental design
Participants were randomly divided into three experimental groups
(12 participants each): (i) EYES FREE group, (ii) EYES FIX group,
and (iii) CONTROL group. The subjects of the EYES FREE and
EYES FIX group received four training sessions, performed on
four consecutive days. During each session, they performed 30
min of MI training of the VRFT with their nondominant hand. To the
subjects of the EYES FREE group, no specific instructions were
given regarding their eye movements during the imagery training
in order to measure their spontaneous eye-movement behavior.
The EYES FIX group was asked to fixate on the red middle circle
during training. EMG and EOG were monitored online to control
for the absence of movement-related muscle activity in the arm
during imagery in both groups, and for the absence of eye move-
ments in the EYES FIX group. The subjects of the CONTROL
group received no training. To verify whether MI ability was similar
between the different groups, all participants filled in the Move-
ment Imagery Questionnaire-Revised version (MIQ-R) (Hall and
Martin, 1997) at the beginning of the experiment. In this question-
naire, subjects rate the vividness with which they can imagine
certain movements on a 7-point scale, where 1very hard to
see/feel and 7very easy to see/feel. The MIQ-R consists of eight
items (e.g., jumping, abduction of the arm): four concerning visual
imagery and four concerning kinesthetic imagery.Fig. 2. Schematic overview of the tests (T)Each training session consisted of three training series, cor-
responding to different target sizes (2.5 mm, 10 mm, or 40 mm).
To avoid mental fatigue, the imagery training was divided in train-
ing trials with a duration of 1 min. During each training series, the
participants performed 10 such 1-min trials of MI, which were
separated by 30 s of rest. During each training minute, the par-
ticipants were instructed to repeat the drawing task as many times
as possible. After each series of 10 trials, a longer resting period
of 5 min was provided, during which subjects scored their imagery
vividness of the previous training series on a Visual Analogue
Scale (VAS), ranging from 1 to 7 (Heremans et al., 2009, 2011b).
A score of 1 indicated that it had been very hard to imagine the
movements, while a score of 7 signified that it had been very easy.
Thus, each training session lasted 55 min in total, including 30 min
of actual MI training and 25 min of rest. Training instructions were
provided by means of an auditory tape, instructing when to imag-
ine and when to rest.
On the first and fourth days of the experiment, the training was
preceded and followed by a test, lasting approximately 20 min.
The subjects of the CONTROL group were tested following the
same timeline as the two other groups, but without intermediate
training (Fig. 2). These subjects, however, also stayed in the
laboratory in between the tests on the first and fourth day, per-
forming a reading task. As such, during these 2 days they spent
the same amount of time with the test leader as the subjects of
both other groups. The test was the same for the subjects of all
groups, and it included both conditions with the eyes free and with
the eyes fixated on the middle circle. To investigate the occur-
rence of intermanual transfer, both the trained (left) and the un-
trained (right) hand performance were measured. Thus, four con-
ditions of physical execution were evaluated: (i) physical execu-
tion with the right hand, eyes free (R-EXEC-FREE), (ii) physical
execution with the left hand, eyes free (L-EXEC-FREE), (iii) phys-
ical execution with the right hand, eyes fixated (R-EXEC-FIX), and
(iv) physical execution with the left hand, eyes fixated (L-EXEC-
FIX). Furthermore, they performed one condition during which
they had to imagine performing the task with their left hand (as
they did during training) (L-MI). During the imagery condition, no
instructions regarding eye movements were given. All conditions
were tested for the different IDs. The different conditions and IDs
were offered randomly across participants.
Dependent variables
To assess the temporal characteristics of the physically executed
movements, we measured the mean and maximum velocity
(mean V and max V) and the mean acceleration (mean A) per
hand movement. Furthermore, time to peak velocity (TTPV) wasand training sessions per group.
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Heremans et al. / Neuroscience 195 (2011) 37–4440calculated, which can be defined as the time between the start of
the movement and the moment that peak velocity is achieved. For
both the executed and imagined movements, we calculated the
total movement time (MT) that was defined as the total time
between hitting the start and stop button.
Spatial movement accuracy of the executed movements was
calculated as the percentage of trials in which the participants hit
the target—or to put it in other words—in which the end point of
their movement trajectory was localized within the target bound-
aries. Two parameters were measured to evaluate the partici-
pants’ movement efficiency. First, we measured the detour of the
trajectory, defined as the percentage that the drawing movement
deviated from the straight path between the midpoint of the middle
circle and the midpoint of the target. As such, a higher detour
reflects that the drawing movement was more curved. Second, we
calculated the additional path length between the subjects’ rever-
sal point and the most efficient point that could be reached within
the target (Feys et al., 2006). The most efficient point was defined
as the point at the border of the target being closest to the central
circle, the reversal point as the point where subjects changed
direction to move back to the midpoint.
Statistical analyses
For each dependent variable, values were averaged per test after
removing the outliers, i.e. values deviating more than two standard
deviations from the mean. Variables showed normal distribution
(Shapiro–Wilk test) and equivalent variance (Levene’s test). To
compare the MI ability of the subjects of the different groups, the
scores of the MIQ-R, which participants filled out at the beginning
of the experiments, were compared between groups by means of
a one-way ANOVA. The vividness scores during imagery training
of both training groups were analyzed using repeated-measures
ANOVAs, with group (EYES FIX, EYES FREE) as between-sub-
ject variable and test (T1, T2, T3, T4) and target size (small,
medium, large) as within-subject variables.
The temporal variables and the variables assessing move-
ment efficiency were analyzed by means of repeated-measures
ANOVAs, with group (EYES FIX, EYES FREE, CONTROL) as
between-subject factor and test, condition (R-EXEC-FIX, L-EXEC-
FIX, R-EXEC-FREE, L-EXEC-FREE) and target size as within-
subject factors. For the analysis of movement time, the imagery
condition (L-MI) was included as well. This design permitted ex-
amination of the effect of making eye movements during the
training (differences between groups over training), the effect of
task difficulty (differences between target sizes), and the inter-
manual transfer effect (differences between right and left hand
conditions over training) at the same time. For all analyses, sig-
nificant interaction effects were further explored with an analysis
of the simple effects contributing to the interaction effect (Keppel,
1991). All statistical tests were completed with alpha set at 0.05,
and Tukey’s honestly significant difference (HSD) post hoc tests
were used to further evaluate any significant effects. The partial-
Fig. 3. Movement times (meanSEM) for the different conditions and
target sizes.eta squared statistic (2p) was reported in order to estimate thectual proportion of variation of the dependent variables attribut-
ble to each independent factor.
Due to the discrete nature of the variable “percentage of
arget hits,” a nonparametric Kruskal–Wallis test was used to
ompare outcomes between groups and conditions. Post hoc
ests were done by means of Mann–Whitney U-tests with Bonfer-
oni correction.
RESULTS
Temporal parameters
Max V, mean V, mean A, TTPV. No differences in
emporal parameters were found between groups. There
as a significant main effect for test, showing that max V,
ean V, and mean A increased (max V: F(3,99)30.01,
P0.01, 2p0.48; mean V:F (3,99)25.09, P0.01,
2p0.43; mean A: F(3,99)24.61, P0.01, 2p0.43)
and TTPV decreased over time in all groups (F(3,99)
1.39, P0.01, 2p0.39). Furthermore, significant inter-
actions between condition and target size were found for
all variables (max V: F(6,198)8.59, P0.01, 2p0.21;
mean V:F(6,198)20.03, P0.01, 2p0.38; mean A:
(6,198)18.75, P0.01, 2p0.36; TTPV: F(6,198)
1.50, P0.01, 2p0.26). Simple effect analyses per con-
ition showed that in all conditions mean V, max V, and
ean A increased and TTPV decreased with an increase
n target size (P0.01 for all comparisons).
MT. For MT as well, no differences were found be-
ween groups. A significant interaction effect was found
etween condition, target size, and test (F(24,792)1.54,
0.01, 2p0.11). Simple effect analyses per condition
showed main effects for test and target size in all condi-
tions (P0.01 for all comparisons). These effects indicated
that all subjects became faster over time and that move-
ment time increased as target widths decreased in all
conditions, including the MI condition (Fig. 3).
Spatial parameters
Percentage of target hits. The Kruskal–Wallis test
between groups showed a significant difference between
the three groups (29.9, P0.01). Post hoc tests showed
that the EYES FREE group had a significantly higher per-
centage of target hits (76.2%42.6) than the EYES FIX
(68.9%46.3) and the CONTROL group (68.9%46.3)
(P0.01). This shows that the EYES FREE group was
more accurate than both other groups (Fig. 4). Further-Fig. 4. Percentage of target hits per group per target size.
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Heremans et al. / Neuroscience 195 (2011) 37–44 41more, the Kruskal–Wallis test showed a significant differ-
ence between conditions (2174.7, P0.01). Accuracy
was significantly lower in the conditions in which fixation of
gaze was required than in the ones with free eye move-
ments. No differences were found between the conditions
with the left and the right hand. For both hands, there was
a trend indicating higher accuracy in the EYES FREE
group than in the two other groups (25.1, P0.08 for the
eft side and 25.1, P0.06 for the right side). Finally,
analyses per target size showed that the accuracy differed
between groups in the trials toward the small (29.8,
0.01) and medium size targets (212.4, P0.01) but
not in those toward the large targets (Fig. 4). This confirms
that making eye movements is particularly relevant for
trials with high accuracy demands.
Detour. A significant interaction effect was found be-
tween condition and target size (F(6,198)8.61, P0.01,
2p0.21) and between test and target size (F(6,198)
2.25, P0.04, 2p0.07). The main effect for group ap-
roached the significance level (F(2,33)3.05, P0.06,
2p0.16), indicating a lower detour in the EYES FREE
roup than in both other groups. Simple effect analyses per
est showed no differences between groups at baseline, dur-
ng T2, and T3. However, the difference reached significance
uring T4 (P0.04, EYES FIX groupEYES FREE and
ONTROL group), indicating a significant training effect after
he last training session. There was no interaction between
roup and condition, indicating similar effects for the left and
he right hand. Simple effect analyses per condition showed
hat detour decreased with an increase in target size for all
onditions (P0.01 for all comparisons).
Additional path length. The additional path length dif-
ered significantly between groups (F(2,33)4.88, P
.01, 2p0.23). Post hoc Tukey HSD tests showed that
the EYES FREE group had a significantly lower additional
path length than the CONTROL group (P0.02), which
was not the case for the EYES FIX group. This shows that
the subjects of the EYES FREE group made the most
efficient trajectory (Fig. 5). There was no interaction with
condition, indicating that the group effect was present both
for the conditions performed with the left (trained) and the
right (untrained) hand. Furthermore, a significant interac-
tion was found between condition and target size
(F(6,198)20.56, P0.01, 2p0.38). Simple effect anal-
Fig. 5. Additional path length (meanSEM) per group per test for the
aiming movements toward the small target.yses per target size showed that the differences between
groups were present when movements had to be made
toward the small and medium targets, but not toward the
large targets. In addition, simple effect analyses per test
showed that while no group differences were found at
baseline, the additional path length differed significantly
between groups during all other tests (P0.03 during T2,
P0.01 during T3, and P0.03 during T4) suggesting a
larger training effect of MI training with than without eye
movements.
Vividness
When filling out the MIQ-R, all subjects indicated they were
well able to perform motor imagery (M4.80.8 per item).
No differences were found between groups, indicating sim-
ilar imagery ability between the subjects of all groups. For
vividness during training, a main effect was found for test
(F(3,198)9.11, P0.01, 2p0.12), showing that the
articipants’ imagery vividness during the first training ses-
ion was significantly lower than during the other three
raining sessions (for all comparisons P0.01). There was
o significant difference between groups.
DISCUSSION
In a previous study, we found a close coupling between
eye and hand movements during visual motor imagery
(Heremans et al., 2008). In the present study, we exam-
ined the specific role these eye movements play during MI
training. Therefore, we compared the effect of MI training
during which spontaneous eye movements were allowed
with MI training during which fixation was requested. The
main finding of the present study was that the making of
eye movements had no effect on the temporal aspects of
the movement, but that it increased the participants’ accu-
racy and efficiency. Despite the well-developed framework
for physically executed actions, studies concerning this
effect during imagery are sparse. As far as we know, so far
only two studies have investigated the effect of eye move-
ments during MI. Debarnot et al. (2011) examined motor
learning and motor adaptation after imagery practice of a
joystick tracking task in a normal and mirror condition.
Similar as the present study, the study by Debarnot et al.
found no temporal differences when participants were al-
lowed to make spontaneous eye movements and when
they had to fixate during the MI training. Gueugneau et al.
(2008) investigated the role of eye movements during im-
agery of arm pointing movements. Their results were two-
fold. On the one hand, they found that the presence of
saccades led to shorter imagined arm movement dura-
tions, suggesting a facilitation effect of eye movements
upon both executed and imagined arm movements. On the
other hand, they also reported that eye movements were
not required to preserve the temporal similarities between
imagery and execution, indicating that the temporal accu-
racy of motor representations is not dependent on the
presence or lack of eye movements. This is confirmed by
the present study, showing that the temporal parameters
were constrained by Fitts’ law during imagery in a similar
Heremans et al. / Neuroscience 195 (2011) 37–4442way as during execution (Fitts, 1954). This is in accor-
dance to previous findings of Decety and Jeannerod
(1996), who showed that the duration of an imagined ac-
tion adapts to the distance toward and the width of the
target. Also in the present study, participants required
more time and reached a lower velocity and acceleration
with rising accuracy needs. This adaptation of MI duration
in accordance to Fitts’ law certifies that our subjects per-
formed MI according to the task requirements (Caeyen-
berghs et al., 2009).
Interestingly, the previously mentioned studies mainly
focused on the temporal aspects of MI and did not evaluate
the spatial movement parameters in detail. As far as we
know, the present study is the first to show that making eye
movements during imagery training increased the gains in
movement accuracy and efficiency. This is in conformity
with what was found during physical execution. Several
studies showed that, during physical execution, visually
guided manual tasks are governed by action schema that
incorporate both routines for manual action and accompa-
nying routines specifying task-specific eye movements
(Land and Furneaux, 1997; Sailer et al., 2005). If this visual
information is constrained during training, this was found to
cause a breakdown in performance gains (Helsen et al.,
2004). The present study shows, for the first time, that this
also accounts for imagined movements. We found that the
benefits of making eye movements during MI were mainly
present in conditions with high accuracy demands (small
and medium target sizes), which corresponds to a phe-
nomenon that was also described during physical execu-
tion of aiming tasks. Lazzari et al. (2009) suggested that
the performance of aiming movements might involve two
different modes of control. The first is visually based and
plays a major role when the index of difficulty is high and
when visual feedback is necessary to control deceleration
and meet the accuracy criterion. The second mode is more
proprioceptive and pertains to conditions with a low index
of difficulty and when the focus is on moving fast. Based on
our findings, this framework also seems to hold for MI.
Furthermore, it might explain why differences between
groups were mainly found in the parameters regarding
accuracy and efficiency, which are highly dependent on
visual guidance, and not in the temporal parameters such
as movement speed, which are more likely to be under
proprioceptive control.
Another interesting finding was that performance
gains, as well as differences between groups, were also
found for the untrained right hand. This might indicate that
eye movements during MI practice have an effect on the
central movement representation of a coordination pattern,
which is stored independently of the effector that has been
trained during learning (Vangheluwe et al., 2005). As far as
we know, this is the first study to indicate that the transfer
effect resulting from imagery training is specific to the
sensory information that is available during MI practice.
Furthermore, our findings suggest that not only the effect
of eye movements but also the effect of MI practice in
general, transfers, at least partly, to the nontrained body
side. This effect, known as intermanual transfer or cross-education, has a long history of study in the field of phys-
ical practice (Cook, 1933a,b; Andree and Maitra, 2002). In
motor imagery, however, it has seldom been a subject of
investigation. Kohl et al. (1992) previously suggested that
the level of retention and transfer effects using MI is the
same as that using motor execution. This was confirmed
by a recent study by Amemiya et al. (2010), showing
intermanual transfer after imagery training of a tapping
sequence. As such, similar as the present study, the find-
ings of Amemiya et al. indicate that the effect of MI practice
is, at least partly, effector-independent. The authors hy-
pothesized that motor imagery leads to the acquisition of
abstract knowledge of the movement sequence and that
this acquisition might commonly contribute to both ipsi-
and contralateral performance.
Previous studies evaluating intermanual transfer due
to physical practice have reported large differences in
transfer depending on the nature of the task and the direc-
tion of transfer. Some training studies showed symmetrical
(or bilateral) transfer of learning (Elliott and Roy, 1981;
Imamizu and Shimojo, 1995), while others showed that
transfer occurred more efficiently from either the dominant
to the nondominant hand (Parlow and Kinsbourne, 1990)
or vice versa (Taylor and Heilman, 1980). Also with regard
to imagery practice, asymmetries in intermanual transfer
were found (Lohse et al., 2010). In the present study,
however, transfer was only studied in one direction, being
from the nondominant to the dominant side. Future re-
search should investigate whether similar transfer effects
occur after MI training of the dominant hand, as well as
after MI practice of other tasks.
Until now, it is still unclear what the neurophysiological
mechanisms are that govern intermanual transfer. Based
on studies showing that the effect of intermanual transfer is
absent in patients with split brain (Levin et al., 1993) or with
callosal agenesis (Gordon et al., 1994), it is hypothesized
that the corpus callosum is crucial to neurological transfer
between the two hemispheres. Also other regions, such as
the middle temporal gyrus and right middle frontal areas
(Anguera et al., 2007), the frontoparietal area, the cerebral
cortex, and basal ganglia (Obayashi et al., 2003, 2004)
were shown to be involved in intermanual transfer. Future
research, however, remains necessary to unravel the
mechanisms of intermanual transfer caused by physical as
well as motor imagery practice.
Both the findings on the generalization of the training
effect toward the untrained body side and on the role of
eye movements are important to consider with regard to
the design of training protocols based on MI. Our data
indicate that, to obtain the highest gains in performance,
MI practice should allow task-related eye movements. In
previous studies (Heremans et al., 2009, 2011b), we found
that providing the participants with appropriate movement-
related cues further facilitated the occurrence of task-
related eye movements during the imagery process im-
proving MI accuracy. Based on these findings, we suggest
providing participants with the appropriate spatial informa-
tion regarding the task to be imagined (e.g. the goal that is
reached for, the object that needs to be picked up, and the
Heremans et al. / Neuroscience 195 (2011) 37–44 43size of the object) during imagery practice. However, this
hypothesis needs further investigation. As well, the current
findings should be reproduced on a larger group of partic-
ipants before recommendations with regard to imagery
practice should be made. In addition, we should take into
account that the current study was limited to a specific task
and to young healthy participants who all had good imag-
ery ability. Future research is needed to investigate
whether these findings are also applicable to other types of
tasks, to other groups, and when using MI practice for
specific purposes, such as the rehabilitation of patients
with neurological disorders. An additional limitation of this
study is that the participants’ EOG and EMG signals were
not analyzed in detail. As such, we were not able to detect
potential muscle activity below the movement threshold.
For a detailed analysis of participants’ eye movements
during imagery, we refer to previous studies by Heremans
et al. (2008, 2009, 2011b).
CONCLUSION
In conclusion, the present study indicates that the making
of eye movements during MI training increased perfor-
mance gains in movement accuracy and efficiency. These
effects were most pronounced in the conditions with high
accuracy demands. Effects were found for both the trained
and the untrained body side, indicating that the effects of
MI practice and the role of eye movements during MI
practice may be effector-independent. We consider that
the findings of the present study may contribute to guide-
lines for optimizing training protocols for motor imagery
practice.
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